Rechargeable lithium-ion batteries are currently leading candidates for powering electric vehicles and portable electronic devices. Although such batteries have gained commercial success, their capacity is still limited by the amount of lithium that can be stored in the anode (graphite) and cathode (LiCoO~2~) electrodes, which have theoretical lithium-ion storage capacities of 372 mAh/g and 137 mAh/g, respectively[@b1][@b2]. Therefore, intensive research efforts are continuing in the search for battery electrode materials with higher energy densities, long cycle life, and high reversible capacity[@b3]. Recently, as an alternative to the traditional graphitic anode materials, the Group IV metals (Sn, Ge, Si) have been considered as ideal candidate anode materials for reversible lithium energy storage due to their significantly higher lithium-ion storage capacities[@b4][@b5][@b6]. In 2005, Sony released a new lithium-ion battery system, which used Sn-Co-C composite as its anode material. This further accelerated the interest in anode electrodes made from metal or alloy.

Among these Group IV metals, germanium, with high theoretical capacity (1600 mAh g^−1^ compared with 372 mAh g^−1^ for graphite), good lithium diffusivity (400 times faster than in silicon), and high electrical conductivity (104 times higher than silicon), has been proved to be one of the most attractive potential anode materials for lithium-ion batteries. Consequently, many researchers have tried to fabricate Ge nanoparticles for battery application[@b7][@b8]. It has been widely recognized that reduction of the Ge particle size could enhance the electrochemical activity of Ge due to its shorter electron paths and larger reaction surface. Unfortunately, similarly to silicon[@b4] and tin[@b9], nanosized Ge particles always aggregate severely and merge into micron-sized particles during Li-ion insertion/extraction processes. This aggregation will lead to severe pulverization and delamination on the surface of the electrode, and a rapid decline in the electrochemical capacity[@b10][@b11]. Up to now, various strategies have been devised in attempts to overcome this issue. In general, this aggregation can be partially hindered by mixing the Ge with a large amount of carbon-based materials, such as carbon black[@b5][@b12], carbon nanotubes[@b13][@b14], and graphene[@b15][@b16].

Recently, conductive polypyrrole (PPy) has attracted much attention as another effective additive material to improve the performance of anode materials in lithium-ion batteries[@b17][@b18][@b19]. A series of anode materials, including SnO~2~-PPy[@b20], Sn-PPy[@b18], Si-PPy[@b17][@b21], C-PPy[@b22], and TiO~2~-PPy[@b23][@b24], have been synthesised and shown enhanced electrical performance in the lithium-ion battery system. Conductive PPy can effectively buffer the volume changes during the cycling process and increase the conductivity of the active materials[@b25][@b26][@b27]. Meanwhile, the PPy also can connect isolated particles, acting as an efficient host matrix to prevent cracking and pulverization on the surface of electrodes[@b18][@b26][@b28][@b29]. To the best of our knowledge, however, there have been no reports to date on the synthesis of germanium-conducting polymer composite for application as anode in lithium-ion batteries. In this paper, we have fabricated amorphous nanostructured Ge particles on the surface of PPy through one simple reduction reaction in aqueous solution and investigated the electrochemical properties of the Ge-PPy composite as negative electrode material in the lithium-ion battery.

Results
=======

Physicochemical characterization
--------------------------------

X-ray diffraction (XRD) patterns obtained from the pristine nano-Ge and Ge-PPy are shown in [Fig. 1(a)](#f1){ref-type="fig"}. The two broad diffraction peaks obtained from the samples are readily indexed to diamond-like cubic Ge (JCPDS card No. 65-0333), which means that the samples present a disordered (amorphous) structure. This result is similar to those reported by Wu et al. for Ge nanoparticle synthesis[@b30]. The diffraction pattern of the Ge-PPy matches well with the pristine Ge, indicating the presence of Ge and that no impurity was introduced into the composite.

[Fig. 1(b)](#f1){ref-type="fig"} displays the Raman spectra of the bare Ge, PPy and Ge-PPy composite, using laser excitation at 632.8 nm. The Raman peak of the Ge around 293 cm^−1^ in both the pristine material and the composite is asymmetric and has an extended tail at low frequencies, which means that the diameters of the Ge particles should be less than 28 nm[@b31]. The peaks of the bare PPy located between 800 cm^−1^ and 1700 cm^−1^ are in good agreement with the typical Raman modes of PPy[@b32]. In this range, the 988 cm^−1^ benzoid band indicates that certain sites of the PPy chain are in the reduced state, whereas the vibrational mode at 931 cm^−1^, assigned to a C-H out-of-plane deformation of the quinoid form, is related to the oxidize sites[@b33]. For the intermediate phase in the as-prepared bare PPy, where different vibrational modes assigned to the reduced and the oxidised forms coexist, the polaron is the dominant species. After coating with Ge nanoparticles, the 932 cm^−1^ band remains sharp, while the intensity of the benzoid band at 986 cm^−1^ increases slightly. Simultaneously, the Raman spectrum of the Ge-PPy composite displays the low intensity of the benzoic bands of vC = C at 1531 cm^−1^, and a significant sharp quinoid form band of vC = C is observed at 1602 cm^−1^, which is characteristic of the oxidized state of PPy[@b33][@b34]. Even after stirring in NaBH~4~ solution for 3 h, these spectral features indicate that most PPy chains are still at intermediary oxidation levels. Compared with the PPy in reduced state, oxidized PPy is considered as a more effective additive for the lithium-ion battery, due to its electrical repulsion between positive charges present on neighbouring sites, which allows the opening of channels and the penetration of counter-ions[@b35].

For quantifying the amount of Ge in the composite, thermogravimetic analysis (TGA) was carried out in air. The samples were heated from 50°C to 700°C at a rate of 10°C min^−1^. [Fig. 1(c)](#f1){ref-type="fig"} presents the TGA curve of the Ge-PPy composite along with that of pure PPy. As can be seen, the PPy content was totally burned out during the heating process, while the Ge in the composite was oxidized into GeO~2~ with increasing temperature. The equation is presented below: So the final product is entirely converted to GeO~2~, from which the content of Ge can be calculated. Through using this method, it was estimated that the amount of Ge in the Ge-PPy was about 69.0 wt.%.

The morphologies of the samples were characterized by scanning and transmission electron microscopy (SEM and TEM). The SEM image of the PPy ([Fig. 2a](#f2){ref-type="fig"}) shows micrometer-sized particles consisting of \~200 nm PPy particles. [Fig. 2b](#f2){ref-type="fig"} reveals that the pristine Ge particle size is extremely small and that these primary particles have clustered into large agglomerates. After coating with Ge nanoparticles, the particles become spherical, and the diameters are increased to about 400 nm ([Fig. 2c](#f2){ref-type="fig"}). With a further increase in magnification, it can be clearly observed that the surfaces of the composite particles ([Fig. 2d](#f2){ref-type="fig"}) have become rough and have some small particles attached. These small particles could be Ge nanoparticles. Another important feature of the composite is that serious agglomeration of Ge nanoparticles is relieved, because the PPy can act as a barrier to reduce the gathering of Ge nanoparticles during the Ge-PPy synthesis.

To further investigate the distribution of the Ge in the particles, energy dispersive spectroscopy (EDS) mapping was performed, and the results are shown in [Fig. 2(e)](#f2){ref-type="fig"}. The element N is associated with PPy, and the bright regions indicate that the Ge and N are distributed uniformly throughout the sample, which means that the Ge nanoparticles have uniformly coated the surfaces of the PPy.

More highly magnified TEM images of the pristine Ge and Ge-PPy samples are shown in [Fig. 3](#f3){ref-type="fig"}. TEM combined with selected area electron diffraction (SAED: [Fig. 3(a) and (c)](#f3){ref-type="fig"} inset images) confirmed that both the pristine nano-Ge and the Ge in the composite are, in fact, amorphous. Examination of the pristine amorphous Ge at high magnification ([Fig. 3b](#f3){ref-type="fig"}) indicates that the individual Ge particles are around 5--20 nm in diameter and have clustered into larger agglomerates, as is consistent with the SEM results. TEM examination also revealed that the PPy particles connect individual nanosized Ge particles in the Ge-PPy composite ([Fig. 3c](#f3){ref-type="fig"}). A high resolution image of the edges of the PPy particles ([Fig. 3d](#f3){ref-type="fig"}) demonstrates that the amorphous Ge nanoparticles completely cover the individual PPy regions.

Electrochemical properties
--------------------------

Galvanostatic discharge-charge testing between 0--1.5 V at 0.2 C was carried out to investigate the electrical reactivity of the samples. For the PPy electrode, the cell fails during the first discharge period ([Fig. S1 in the Supporting Information](#s1){ref-type="supplementary-material"}), which demonstrates that PPy possesses no capacity and no electrochemical activity towards Li in this potential range. Therefore, we calculated the specific capacity based on the weight of Ge in the Ge/PPy composite separately to understand the performance of the Ge particles. The 1^st^, 2^nd^, and 50^th^ cycle charge-discharge curves of the Ge-PPy that were collected are shown in [Fig. 4(a)](#f4){ref-type="fig"}. The voltage profile and differential capacity data corresponding to the charge and discharge curves are also presented in [Fig. 4(b)](#f4){ref-type="fig"}. Several cathodic peaks can be observed in the cycling, which represent the stepwise lithium alloying reaction to form Li~x~Ge alloys. After 50 cycles, the cathodic peaks at 0.18 V and 0.32 V remain sharp and similar to those in the 2^nd^ cycle, suggesting stability in the reversibility and kinetic activities for Li^+^ insertion/extraction of the electrode made from Ge-PPy. To identify all the electrochemical reactions, the electrochemical response was also measured for the Ge-PPy composite by cyclic voltammetry at 0.1 mV s^−1^. The typical cyclic voltammograms of the Ge-PPy nanocomposite for the 1^st^, 2^nd^ and 5^th^ cycles, which are shown in [Fig. 4(c)](#f4){ref-type="fig"}, are in accordance with previous reports for Ge electrode[@b7][@b36]. The broad peaks at around 0.49 V and 0.32 V in the second cathodic curve can be attributed to the conversion from Ge to Li~9~Ge~4~. The small peak at 0.14 V is likely to be related to the formation of Li~7~Ge~2~. As the potential approaches 0 V, a big peak starts to appear, indicating the formation of Li~15~Ge~4~ and Li~22~Ge~5~. The whole discharge (lithiation) reaction can be expressed as a three-step process based on the following reactions: During Li-ion extraction from Li~x~Ge, only one single broad peak response around 0.46 V is observed, which agrees with what has been reported in the literature[@b7][@b15]. In addition, no additional peaks are detected in the cyclic voltammetery curves of Ge-PPy. This confirms that the PPy is not involved in electrochemical reactions during Li-ion intercalation/deintercalation processes and is only providing paths for electrical conduction[@b28][@b29][@b37].

The battery performances of the samples were tested at various current densities. Initially, the galvanostatic discharge-charge capacity and coulombic efficiency of pristine Ge and Ge-PPy were measured in the voltage range of 0.01--1.50 V with a current density of 320 mA g^−1^ ([Fig. 5a](#f5){ref-type="fig"}). The first discharge capacity of the pure Ge electrode was 1506 mAh g^−1^, corresponding to an initial coulombic efficiency of 59.3%. This particularly high irreversible discharge capacity mainly comes from the huge formation of solid electrolyte interphase (SEI)[@b18]. The nano-sized morphology of the particles also plays a significant role, with the utilization of small particles being enhanced by their larger surface area and shorter diffusion length for the lithium intercalation process[@b10], although the advantages of particle size do not remain stable for long periods of time. As mentioned above, nano-germanium particles would be likely to aggregate severely during the Li^+^ insertion, thus leading to poor coulmbic efficiency in the first cycle. Furthermore, as the cycle number increases, the mechanical stresses induced by the volume changes would result in pulverization and delamination of the electrode structure, leading to low coulmbic efficiency and poor cycling life[@b8]. Therefore, the discharge capacity of pristine Ge decreases rapidly and continuously, declining to only 437 mAh g^−1^ over 50 cycles, which is only approximately 29% of the initial capacity. On the other hand, it can be seen that the Ge-PPy composite electrode shows great enhancement of the capacity retention, based on both the composite and the calculated contribution of the pure Ge. The initial capacity of the Ge nanoparticle contribution calculated for the Ge-PPy composite electrode reaches up to 2024 mAh g^−1^, with a relatively high coulombic efficiency of 68.6%, and after 5 cycles, the coulombic efficiency retains a steady value between 89 and 99%. The difference in the initial coulombic efficiency is mainly due to the PPy, which suppress solid electrolyte interphase (SEI) formation in the first cycle[@b7][@b36]. Simultaneously, the Ge nanoparticles are electrical connected with the porous PPy so that more Ge nanoparticles will contribute to the capacity and the electronic transport can be enhanced. Thus, the discharge capacity of Ge in Ge-PPy composite is sustained at around 1029 mAh g^−1^ after 50 cycles at 0.2 C, corresponding to capacity retention of 50.8%. These results demonstrate that the added PPy allows a greater utilization in capacity of the Ge nanoparticles and enhances the cycling performance. Compared to some carbon-supported Ge materials in previous reports, with capacities of around 600 mAh g^−1^ under similar testing conditions[@b15][@b38], it can be speculated that the PPy plays a more important role in that enhanced electrochemical activity, although its capacity contribution is negligible in negative electrode for the lithium-ion battery.

A comparison of the performances at higher power rates for both samples (with and without PPy) is also presented in [Fig. 5(b)](#f5){ref-type="fig"}. The electrode capacities were measured after 5 cycles at various current densities of 0.1 C, 0.5 C, 1 C, 2 C, and 4 C (1C = 1600 mA g^−1^) in an ascending order, and back to 0.2 C in 35 cycles. The discharge capacities calculated for the Ge nanoparticles in the composite were measured to be 1420 mAh g^−1^ at 0.5 C, 1300 mAh g^−1^ at 1 C, 865 mAh g^−1^ at 2 C, and 406 mAh g^−1^ at 4 C. When the cycling rate was returned back to 0.1 C after 30 cycles at different rates, the composite electrode still could deliver 1360 mAh g^−1^. In contrast, strikingly poor high-rate capability is observed for the pristine Ge electrode. It should be pointed out that the rate capability of Ge-PPy is still not as good as for some Ge-based materials recently reported, such as Ge-carbon nanocomposite with 600 mAh g^−1^ at 40 C[@b5], or Ge thin film electrode with 800 mAh g^−1^ at 1000 C[@b7]. Nevertheless, the enhanced high-rate performance is comparable to the most research on Ge electrodes combined with graphene[@b15], mesocarbon microbeads[@b38], or other carbonaceous materials[@b39].

In order to further verify that the PPy is responsible for the good conductivity of the cells with the Ge-PPy electrodes, electrochemical impedance measurements were conducted on working electrodes in the fully discharged state. The Nyquist plots obtained for the pure Ge and Ge-PPy before and after 50 cycles were compared and are presented in [Fig. 6 (A)](#f6){ref-type="fig"}. It is found that the cells present one small semicircle before cycling, and the impedance is 23 Ω and 49 Ω for Ge-PPy composite and pristine Ge, respectively. In addition, two compressed semicircles are shown in the enlarged high-frequency impedance curves after cycling ([Fig. 6(B)](#f6){ref-type="fig"}), indicating increased impedances. The high-frequency intercept of the high frequency semicircle reflects the uncompensated resistance, R*~e~*, which is the solution resistance between the working and reference electrode. The film resistance associated with the higher frequency semicircle, R*~film~*, is assigned to lithium-ion diffusion through surface films. The semicircle in the middle frequency range indicates the charge-transfer resistance (R*~ct~*), relating to charge transfer through the electrode/electrolyte interface. The values for the electrodes after cycling calculated from the diameters of the semicircles in the Nyquist plots are summarized in [Table S1 (Supporting information)](#s1){ref-type="supplementary-material"}. The uncompensated resistance (R*~e~*) of Ge-PPy is smaller than that of the Ge electrode due to the decreased resistance between the active material and the electrolyte from the introduction of PPy. From comparison the diameters of the semicircles, the values of R*~film~* and R*~ct~* of the composite electrode are both lower than those for the pristine Ge electrode, indicating that the conducting PPy can significantly increase electrical conductivity for the Ge nanoparticles. This is because the conjugation of the single and double bonds alternating within the oxidized PPy macromolecular architecture allow the extra electrons in a conjugated system free to be roamed or move through the polymer chain, which could induce electrical conductivity. Through *p*-doping, the electrical conductivity of PPy can even reach the level of a few tenths of 1 S/cm[@b40][@b41], even though it is only around 1 × 10^−2^ S/cm for crystalline germanium. Accordingly, the introduction of PPy can decrease the charge transfer resistance for the electrode.

To confirm that the Ge-PPy electrode still retained robust mechanical and electrical support after cycling, SEM images of the electrodes fabricated from the Ge and Ge-PPy composite were collected before and after cycling to directly analyse any changes in the microstructure or morphology of the particles during cycling. The surfaces of both electrodes before cycling are similar ([Fig. 7(a, b)](#f7){ref-type="fig"}). After 50 cycles, however, there are large agglomerations of particles 10 μm in size and clearly visible cracks in the bare Ge electrode ([Fig. 7c](#f7){ref-type="fig"}). From [Fig. 7d](#f7){ref-type="fig"}, it can be observed that PPy can protect the electrode from pulverization, but there are still some clearly visible cracks on the surface of the electrode. It can be deduced that PPy not only act as a conductive host matrix, but also work as a binder to prevent the pulverization and delamination of the active material on the surface of the electrode during lithium alloying and de-alloying. We need to point out that PPy core still cannot protect the Ge nanoparticles from cracking. This is because the Ge nanoparticles are only attached on the surface of the PPy, so the PPy core cannot relieve the huge volume change by Ge agglomeration.

Discussion
==========

A novel nanostructured Ge-PPy composite has been successfully fabricated by a simple chemical reduction method and demonstrated to be a promising anode material for lithium-ion batteries. After amorphous Ge nanoparticles were coated on the PPy surface, improved cycling performance and high rate capacity were achieved. The enhanced electrochemical performance can be attributed to the conductive PPy core, which not only can provide efficient electronic pathways for Ge nanoparticles, but also buffers the pulverization and delamination of the electrode caused by the huge volume changes of Ge nanoparticles during lithium alloying and de-alloying. We also expect our strategy to also be useful for fabricating metal nanoparticles on conducting polymer surface structures, which will be of general interest and have influence in other fields.

Methods
=======

PPy powders were synthesised by chemical oxidation in an aqueous solution. 1 g pyrrole monomer and 0.96 g sodium p-toluenesulfonate (PTS Na) were dispersed in distilled water. Then an oxidizing agent iron chloride (FeCl~3~) aqueous solution was added drop wise to initiate the polymerization. The PPy was achieved after stirring for 12 h, as indicated when the suspension became black. The products were obtained by filtering and washing with deionized water, and then drying them under vacuum at 60°C for 12 h.

The Ge nanoparticles were prepared by a one-step aqueous reaction. 0.26 g GeO~2~ and 0.01 g polyvinylpyrrolidone (PVP) were dissolved completely in 10 mL 0.15 M NaOH solution, and then the pH of the solution was adjusted to 7 with 0.5 M HCl. Then, aqueous NaBH~4~ solution was added under strong magnetic stirring in a water bath at 60°C. After 3 h, a dark brown suspension was formed, and then the resultant powders were obtained by centrifugation, washed with deionized water several times and dried in a vacuum for 12 h. For the preparation of Ge-PPy composite, the as-prepared PPy powders (50 mg) were dispersed in the solution before reaction.

X-ray diffraction (XRD) analysis was carried out using a GBC MMA generator and diffractometer with Cu Kα radiation and a graphite monochromator. Raman spectroscopy was conducted to characterize the as-prepared PPy and the PPy in the composite, using a JOBIN YVON HR800 Confocal Raman system with 632.8 nm diode laser excitation on 300 lines mm^−1^ grating at room temperature. Thermogravimetric analysis (TGA) was performed using a SETARAM analyzer (France) in air from 50°C to 700°C to determine the amount of PPy in the sample. The morphology and electrochemical properties of the samples were investigated using a JEOL 7500 field emission scanning electron microscope (SEM) with a JEOL energy dispersive spectroscopy (EDS) system. Transmission electron microscopy (TEM) was conducted on a JEOL2011 analytical instrument. The Raman characteristics of samples were investigated using a JOBIN YVON HR800 confocal Raman system with 632.8 nm laser diode excitation on 300 lines/mm grating at room temperature.

The electrodes were prepared using 80 wt.% active materials, 10 wt.% carbon black, and 10 wt.% sodium carboxymethyl cellulose (CMC) in distilled water to form homogeneous slurry. The slurry was spread onto pieces of copper foil. The coated electrodes were dried in a vacuum oven at 100°C for 24 h, and then compressed at a rate of 300 kPa. The electrodes were assembled into CR 2032 coin-type cells in an Ar-filled glove box, using lithium metal as the counter electrode and 1 M LiPF~6~ in ethylene carbonate/dimethyl carbonate (EC/DMC, 1/1 by volume) as the electrolyte. The cells were cycled between 1.50 V and 0.01 V at a constant current density of 320 mA g^−1^ (0.2 C) on a Land battery tester at 25°C. Different current rates, ranging from 160 mA g^−1^ (0.1 C) to 6400 mA g^−1^ (4.0 C), were also used to measure the electrochemical response. Electrochemical impedance spectroscopy (EIS) and cyclic voltammetry were carried out using a Biologic VMP3 electrochemical workstation.
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![(a) XRD patterns obtained from the as-prepared Ge particles and Ge-PPy composite. (b) Raman spectra of PPy, Ge and Ge-PPy composite. (c) TGA curves of PPy and Ge-PPy.](srep06095-f1){#f1}

![SEM images of (a) PPy, (b) Ge nanoparticle, (c, d) Ge-PPy composite, and (e) energy dispersive X-ray mapping of the Ge-PPy composite for the elements Ge and N.](srep06095-f2){#f2}

![TEM images obtained from the pristine Ge (a, b) and the Ge-PPy composite (c, d).\
The insets in (a) and (c) are the corresponding SAED patterns.](srep06095-f3){#f3}

![Charge-discharge curves of Ge-PPy composite for selected cycles (a), dQ/dV plots of Ge-PPy (b), and cyclic voltammograms of Ge-PPy (c); scanning rate: 0.1 mV/S.](srep06095-f4){#f4}

![(a) Discharge capacity and coulombic efficiency of Ge and Ge-PPy composite electrodes at 320 mA g^-1^ (0.2 C). (b) Rate capability of Ge and Ge-PPy composite at various current densities between 0.01 V and 1.50 V vs. Li/Li^+^.](srep06095-f5){#f5}

![(A) Nyquist impedance plots of the Ge and Ge-PPy composite electrodes before and after 50 cycles. (B) Enlargement of (A) in the high frequency range of the electrodes after 50 cycles. The inset in (B) is the equivalent circuit used.](srep06095-f6){#f6}

![SEM images of the surfaces of Ge (a, c) and Ge-PPy (b, d) electrodes before (a, b) and after 50 cycles (c, d).](srep06095-f7){#f7}
